Abstract-This paper describes the thermodynamical model of a vacuum system for a climbing robot. Based on this model a simulation system is described, which is used to evaluate the influence of leakage situations on the adhesion system and to test control approaches. As a validation of the simulation parameters and the adhesion strategy a test platform was constructed and tested on concrete walls.
I. INTRODUCTION
Applications of climbing robots using suction cups are examined in several projects worldwide. Examples are cleaning robots for windows, painting robots, inspection robots for concrete walls or climbing machines operating on steel tanks (see for example [1] , [2] , [3] , [4] , [5] ). In all these projects either wheel-driven or legged machines are developed, which are able to move on vertical walls or overarm in normal situations. The reliability of these systems is far away of reaching 100%. Very often it is totally unclear why the robot can move over a specific surface and why it falls down in nearly similar situations. For a perfect climbing strategy it is necessary to find solutions for the following questions:
• How should the closed-loop control be realized to generate on one hand side enough forces to hold the machine on the wall and on the other side to be able to navigate the climbing robot? • If one or several suction cups are empty how long will it take to generate the needed negative pressure again (based on the characteristic of the vacuum engine)? • How will a crack of a special size change the negative pressure of a suction cup? • How can the model be checked according to its correspondance to the physical world? All the questions above can be answered using a simulation system which describes the physical behaviour of the vacuum system. The specific subject here is a climbing robot for the inspection of concrete walls, which is wheeldriven because of the requirements of the sensor system (see [6] ). It has an adhesion system with multiple vacuum chambers as a result of theoretical preliminary examinations. The benefit of having several vacuum chambers is also discussed in the field of legged robots (see [7] ).
In this paper first the thermodynamical fundamentals are presented which are necessary to describe the changes of the negative pressure under specific surface conditions. Based on this model a simulation system is introduced, which calculates with a given sampling rate the leakage area between the sealing and surface for each vacuum chamber and the corresponding air flow. Also based on simulated valves the air flow out of the chambers is determined depending on the suction power of the vacuum engine. For a realistic test scenario a graphical environment with cracks is simulated in which the robot can move around. Also the controller for the vacuum chambers is introduced which consists of two levels: a control loop for adjusting the chamber pressures and a strategy for determinating the chamber status (leakage situation) and desired pressures. The paper ends with some tests of a simple one-chamber prototype, used for pressure measurements on vertical walls and different surfaces.
II. THERMODYNAMIC FUNDAMENTALS FOR SUCTION OF VACUUM CHAMBERS
A. State change of gases and modelling of pressure changes in a vacuum chamber
The 1st fundamental theorem of thermodynamics is: 
(adiabatic exponent) the following holds:
Equation 1 describes change of pressure in one chamber of volume V , filled with air of temperature T , adiabatic exponent κ air and gas constant R air caused by k mass flowsṁ k over chamber limits.
B. Airflow through a control area
Mass flows arise by leakages of chamber sealing and opening of evacuation valve. The air flow between two control volumes can be modelled by an airtube which is shown in figure 1 where c is velocity of air, A is control area, p is air pressure in A and t is timestamp at which one air particle is in A. With BERNOULLIs equation and neglect of gravity pressure the flow of a medium with density ρ between A 0 and A 1 is
where p 0 , p 1 and c 0 are known and c 1 has to be found. By assuming a stationary flow (no change of velocity along s) the inertial term
∂t ds can be neglected. Furthermore it can be shown that the error by assuming ρ = const is about 6% for the relevant pressure differences between A 0 and A 1 . Finally it is obvious that in each control volume there exists a place where the air flow is 0 (c air = 0). So, for example, it can also be assumed c 0 = 0 which leads to
where the sign of the difference (sgn-function) gives the direction of air flow and the argument of the square root 
Equation 4 describes the mass flow through a control area A in driven by a pressure difference ∆p = |p 0 − p 1 | of air between the volumes on the two sides of A in . With equation 1 this result leads tȯ
which describes the pressure change in one vacuum chamber as result of all coming and going mass flows.
C. Modelling of leakage areas of the sealing
Airflow between a vacuum chamber and the environment is caused by leakages of the chamber's sealing. Because the robot's application area are concrete walls of buildings, bridges, dams, ... leakages arise because of:
• grooves • holes • pores which are connected through capillary channels with other pores and therefore "tunnel" the sealing invisibly • cracks • steps between two concrete slabs • protrusions caused by out-pouring of concrete between paling-boards In the model all these phenomena are summarized as a crack of a certain width and depth which is of infinite length and bounded by two parallel lines. Furthermore the roughness of concrete and sealing surface causes a latent leakage even without any "real" irregularity. Whereas these "basic leakages" can be approximated by a crack along the chamber edge of depth 0.1 mm (resulting in a leakage area of l edge · 0.1 mm) the leakage area caused by an arbitrary crack depends on the geometry of the crack and the base area of the chamber which has contact with the crack. As mentioned above the effective leakage area which must be known to determine the pressure changes in the chamber according to equation 5 must be perpendicular to the velocity of the air and therefore to the flow paths. 
D. Resulting pressure force
Evacuating of a sealed chamber leads to a certain pressure difference ∆p between inside and outside of the chamber which affects equally the whole base area A of the chamber. This results in a pressure force
which takes effect in the center of gravity of the chamber.
III. SIMULATION

A. Simulation model of the climbing robot
Basis of the simulation is the model of a circular climbing robot with seven vacuum chambers for sucking to the wall and a reservoir chamber for "absorbing" fast vacuum losses in these working chambers. The reservoir is connected to a vacuum cleaner suction engine which evacuates constantly the reservoir. Each working chamber is connected to the reservoir by a valve for regulating the chamber pressure. The reservoir has an exterior valve to the environment to be able to adjust the reservoir pressure. The number of working chambers is a good compromise between realization simplicity (best: only one chamber) and operation safety (best: as much chambers as possible to be able to give up those with too great leakage areas and guarantee enough pressure force for keeping the robot at the wall with the others). According to equation 5 the relevant mass flows for each chamber either come from an open valve (to the reservoir or environment as "counterpart volume") or from a leakage area caused by a crack. As the pressure difference between two volumes connected by a leakage has to be calculated, the leakage area of each chamber has to be determined separately for each "counterpart volume" (other chamber or environment). Figure 3 shows the model for the chamber system of the robot with numbered chambers (1..7) and chamber edges K i . Furthermore an exemplary crack is shown which intersects chambers 1, 2, 3, 6 and 7: in this situation leakage areas have to be calculated for edges
As mentioned above all leakage areas are calculated according to figure 2 which is adapted to the robot in figure 4 where a profile of the robot from chamber 3 to 6 is shown. Chamber 6 and 7 are in contact with a (very) wide crack. In this situation the selected leakage area modelling has an important consequence: only chamber 6 is connected to the environment by the crack, but not chamber 7, as can be seen from the plotted air flow paths. So in each case chamber 7 can only get in contact with the six surrounding chambers but not directly with the environment. Therefore the leakage area for chamber edge K 18 is always 0. Furthermore it is obvious that only those cracks have to be taken into account, which have an intersection with the outer robot circle, because only those can cause a leakage area of any chamber edges. This fact allows a rather efficient leakage simulation by pre-selecting the "leakage relevant cracks".
B. Differential equations of the vacuum system
For the seven working chambers of the climbing robot mass flows are caused by leakages of the sealing with an flow effective area A L,i and by opening of the valve to the reservoir chamber with an flow effective area A V,j . According to equation 5 and figure 3 the differential equation for the pressure change in chamber 1 is:
where κ is the adiabatic exponent, ρ is the density and R is the specific gas constant of air, T is the temperature of air in chamber 1, V 1 is the chamber volume, A Li is the leakage area and p i is the chamber pressure according to the mentioned numbering scheme, A V,1 is the opening area of valve 1, p R is the reservoir pressure and p a is the ambient air pressure. The differential equations for chamber 2,...,5 are the same except for the indices.
(8) where A V,a is the opening area of the exterior valve anḋ V g is the volume flow taken away by the suction engine.
C. Calculation of value and working point of the resulting pressure force
According to equation 6 each working chamber with a pressure value p i < p a produces a pressure force which presses the robot to the surface of the wall. So the overall pressure force caused by seven vacuum chambers is
Each F p,i takes effect in the center of gravity of chamber i which has the following coordinates
A parametric description of the vacuum chambers (see figure 3 ) leads to the following working point coordinates of the total pressure force
where r i is the radius of the inner robot circle and r a the one of the outer circle and φ Si , φ Ei are the start and end angles of chamber i. With equation 9 the following holds
(12) So value and working point of the resulting pressure force only depend on the chamber pressures and the dimensions of the robot. IV. CONTROLLER Figure 5 shows the structure of the implemented control system which consist of several "control levels". The highest one is the pressure f orce determination & driving strategy control module. It gets the overall forces and torque moments that affect the robot (-related to the center point of the robot on the surface of the wall -) and its velocity. Contributing forces and torque moments come for example from the gravity force of the robot and the load of its manipulator. From these inputs the module calculates the necessary value and working point of the total pressure force to compensate these forces and torque moments in order to keep the robot on the surface strong enough to enable each wheel to move the robot. If the total pressure force is not as high as required the driving torques for the wheels must be reduced and eventually the moving path of the robot must be adapted. For the validation of the simulation system, a simple force model is used. Naturally this model has to be refined wrt. different environmental conditions, but this task is decoupled from the assessment of the adhesion system. On the next level the leakage estimation module calculates the leakage area of each working chamber based on the actual chamber pressures and valve areas. For chambers 1, ..., 6 the calculation uses equation 7 in which all leakage areas between chambers are assumed to be 0. Therefore only leakage areas between each chamber and the environment are estimated. In the case of chamber 7 now the leakage area for chamber edge K 18 (see figure 3) is estimated in the same way. Based on these leakages the determination of active chambers module computes which chambers cannot be evacuated any more (-due to a too big leakage area). Finally the total pressure f orce calculation module determines from the actual chamber pressures the actual value and working point of the total pressure force that affects the robot. From all these inputs (-reference/actual value/working point of the total pressure force, active chambers -) the ref erence pressure determination module calculates the reference pressures for each working chamber. Non-active chambers get the outside pressure as target. Of course with "lost" chambers the desired value and working point of the pressure force cannot always be reached. On the bottom level there is a common control loop for each working and the reservoir chamber where a pid-controller calculates the reference valve areas based on the difference between desired and actual chamber pressures. Naturally the controller parameters for the reservoir chamber differ from those of the working chamber because of two reasons: 1) the reservoir volume is much greater than the one of the other chambers 2) the effect of an open valve is reversed: when a valve of a working chamber is opened this chamber is evacuated, but when the reservoir valve (to the environment) is opened the reservoir pressure increases. The valve actuator module translates each valve area in a reference valve position as input for the plant simulation.
Here the valve simulation module computes the new valve position and corresponding valve area based on the reference input and the elapsed time and therefore simulates that a valve cannot be opened in "zero time". With the actual valve areas the vacuum system simulation module calculates the new chamber pressures according to equation 7 and 8 which are the outputs of the plant simulation. Of course, in reality the chamber pressures come from a pressure sensor in each chamber.
V. VALIDATION OF THE SIMULATION SYSTEM
For the validation of the correspondance between simulation results and reality a simple prototype with only one working chamber has been built. With this robot measurements of the maximal negative pressure on different surfaces and driving experiments on a concrete building wall have been performed. The test runs on the wall (see fig. 6 ) have shown that the sucking is no problem but the robot movements are difficult due to the sealing friction. With a sellotaped sealing the robot could move quite well and "obstacles" of 5 mm height could be surmounted. The results of the experiments have been used for a simulation of the prototype which allows a good comparison between model and reality.
A. Realized prototype The prototype climbing robot, which has only been built for the validation of the simulation results, consists of a reservoir (white plastic bowl, volume: 10 l) and one working chamber (volume: 2.2 l) connected by an adjustable valve, a differential drive with a castor wheel and a stationary suction engine. Figure 6 shows a foto of the robot. The experiments are performed on a concrete wall with cracks of 1 cm width. The weight of the robot is 6.5 kg and the suction relevant area of the chamber is 0.0491 m 2 . The sealing mechanism consists of an air hose of about 25 cm in diameter (wrapped with textile material to reduce sealing friction) whose pressure is surveyed by an sensor and adjustable via a manual valve. During operation of the robot the negative pressure in the reservoir and working chamber is measured by two sensors and recorded by an oscilloscope.
B. Experiments: Measurement of the maximal negative pressure on different surfaces Figure 7 shows the recorded pressure values in the reservoir and working chambers with the prototype put on different surfaces on the floor. In each case the suction engine is operated from zero to maximal revolutions and back to zero at the following valve orifice areas: 0 cm 2 , 0.375 cm 2 , 0.75 cm 2 , 1.125 cm 2 and 1.5 cm 2 (marked with 1.) to 5.)). With closed valve, the negative reservoir pressure is about 20000 Pa which is a little bit below the maximum of the suction engine due to pressure losses in the suction tube. On surfaces where the sealing works well the chamber pressure reaches almost the reservoir pressure at completely opened valve (acrylic/wood plate, rough/smooth concrete plate) with a maximum of 17000 Pa on acrylic and a minimum of 10000 Pa on rough concrete. The corresponding pressure forces are between 490 N and 830 N -very comfortable for a robot of 6.5 kg. The grooves in the third concrete plate are 5 mm wide and deep and form a grid with 5 cm spacing. On this surface no suction forces can be achieved. A very interesting phenomena is shown in the last diagram (marked with arrows). In this situation the robot is put half on the floor and on the acrylic plate (thickness: 5mm). With at least 3 4 opened valve the sealing suddenly makes a "jump" and seals up when the air flow through the leakages is big enough and its dynamic pressure sucks the sealing to the surface.
C. Comparison with simulation results
In order to validate the simulation system the relevant parameters of the suction engine and the robot have been used for a simulated test run where the prototype had to cross nine cracks of different dimensions (shown in table I) by a trajectory perpendicular to the crack. The robot model was adapted so that only the central working chamber (7) and the reservoir were active. The latent sealing leakages were adjusted for a surface as the one of the smooth concrete plate: a leakage depth of 0.14 mm along the length of the sealing (785.4 mm) leads to a maximal negative chamber pressure of about 11800 Pa. Figure 8 shows the pressure force during the test run. The desired pressure force was set to 17.3 % of its maximum (in correspondance to a chamber pressure of 4000 Pa used during wall-driving tests). Up to a 0.5x1 cm 2 crack the pressure can be kept constant while crossing it and up to a 1.3x1.3 cm 2 crack the pressure force is at least big enough to compensate the gravity force of the robot (even though the fricton of the driving wheels then will not be big enough for moving the robot). The last crack was only used because of its "standard" dimensions found on common concrete building walls: it is much too big for the prototype and will be a challenge for the seven-chamber-robot.
The test shows that the real pressure ratios can be simulated very well with the developed software system. So the thermodynamic model of the vacuum system is exact enough for generating predictions how the seven-chamberrobot will behave in reality.
VI. SUMMARY
The report has described the physical background for realizing a simulation software for the adhesion system of a seven-chamber climbing robot. The focus here was the simplification of the 1. thermodynamical theorem and to present the modelling of cracks which appear on concrete walls. Combined with the structure of the vacuum system of seven-chamber climbing robot the simulation software was developed and a control strategy was implemented. The tool permits to simulate the cross over of several cracks with different control algorithms and driving strategies. For the validation of the simulation results a simple prototype has been built and measurements of the pressure situation on different surfaces as well as during driving on a vertical concrete building wall have been performed and re-simulated after an adaption of the software system. The comparison of the results has shown that the developed physical model is exact enough for estimating the efficiency of the proposed adhesion mechanism. Next steps of our research are the construction of the intended omnidirectional driven seven chamber climbing machine and the integration and test of the control system on different types of concrete walls.
